Abstract-In this paper an impulse-radio ultra-wideband (IR-UWB) hardware demonstrator is presented, which can be used as a radar sensor for highly precise object tracking and breath-rate sensing. The hardware consists of an impulse generator integrated circuit (IC) in the transmitter and a correlator IC with an integrating baseband circuit as correlation receiver. The radiated impulse is close to a fifth Gaussian derivative impulse with ps, efficiently using the Federal Communications Commission indoor mask. A detailed evaluation of the hardware is given. For the tracking, an impulse train is radiated by the transmitter, and the reflections of objects in front of the sensor are collected by the receiver. With the reflected signals, a continuous hardware correlation is computed by a sweeping impulse correlation. The correlation is applied to avoid sampling of the RF impulse with picosecond precision. To localize objects precisely in front of the sensor, three impulse tracking methods are compared: Tracking of the maximum impulse peak, tracking of the impulse slope, and a slope-to-slope tracking of the object's reflection and the signal of the static direct coupling between transmit and receive antenna; the slope-to-slope tracking showing the best performance. The precision of the sensor is shown by a measurement with a metal plate of 1-mm sinusoidal deviation, which is clearly resolved. Further measurements verify the use of the demonstrated principle as a breathing sensor. The breathing signals of male humans and a seven-week-old infant are presented, qualifying the IR-UWB radar principle as a useful tool for breath-rate determination.
IR-UWB Radar Demonstrator for Ultra-Fine Movement Detection and Vital-Sign Monitoring
In addition, it is estimated that each year hundreds of children experience heat illnesses by the same cause. As found out experimentally by [1] , a relatively moderate ambient temperature of 22 C (73 F) can drive the temperature in a car up to 47 C (117 F) within 60 min on a sunny day. An automatic mechanism (car seat occupancy detection) could remind the driver of the child. Some detection techniques have certain disadvantages: a pressure sensor in the seat, for example, cannot distinguish between a child and a heavy bag, an acceleration sensor will not respond when the child is asleep, and a thermal sensor will not detect a person when the ambient temperature is around 37 C (100 F). To avoid discomfort for the child, a wireless detection could be of interest. For this reason an impulse-radio ultra-wideband (IR-UWB) sensor is proposed as a breathing-pattern detector, and the suitability of this technology is investigated by a demonstrator. Additionally, such a radar system could be used in a variety of other applications, for example, for breath-rate measurements on adults, children, or newborns in a clinical intensive care unit. In contrast to the method using wired electrodes, this sensor would have the advantage of measuring the breath rate contact free, which would increase the acceptance by patients or parents. It could be pre-installed in the intensive care unit, avoiding the need for aligning electrodes and improving hygiene, because the patient must not be touched.
According to the definition of the U.S. Federal Communications Commission (FCC), a signal is ultra-wideband (UWB) when its fractional bandwidth is larger than 25% or the absolute bandwidth larger than 500 MHz [2] . The FCC regulation allows a coexistence of UWB radiation with present radio services, but to minimize interference with them, UWB systems must operate at a very reduced mean effective isotropic radiated power (EIRP) density level of 41.3 dBm/MHz. To further protect existing sensitive services, e.g., GPS or radio astronomy bands, the FCC introduced frequency masks for UWB emission. For indoor and outdoor UWB operation, the FCC allows a density level of 41.3 dBm/MHz only below 960 MHz or in the range from 3.1 to 10.6 GHz. For other frequencies, stricter regulations apply, as can be seen in [2] .
Besides its license-free use, IR-UWB technology offers interesting features for modern sensing systems. In contrast to continuous wave (CW) systems, it enables radiation of short time-domain transients, which allow the use of new and very simple system concepts for precise radar devices. An interesting aspect of impulse transmission is the strong power-saving potential because large parts of the electronics in the transmitter and receiver are not used between impulses and can therefore 0018-9480/$31.00 © 2013 IEEE operate in idle state. This leads to a small duty cycle and therefore to a huge saving potential. A further general benefit of UWB is the spreading of the transmittable signal across a large spectrum, necessary to obtain a low transmit power density. Electromagnetic disturbance of the IR-UWB system to nearby electronic devices is mediated much more than in conventional narrowband radio systems. Therefore, the use of UWB technology is well suited for electromagnetically critical environments, e.g., clinics.
The idea behind medical diagnostics using electromagnetic emissions is to use the impulse reflections at the tissue boundaries of the person under test. For breathing, the movement of the chest is determined. Reflections arise due to the different dielectric properties of the tissue penetrated. The amount of electromagnetic amplitude reflection at the air-skin boundary is about 72%. A further contribution to the reflected impulse energy comes from the part of the impulse energy penetrating the skin and being reflected at a next tissue boundary.
Measuring the breath-rate with impulse-radio technology was first introduced by McEwan in [3] . He applied an impulse generator (IPG) emitting in the lower part ( 960 MHz) of the UWB spectrum. With the release of the FCC UWB regulations, IR-UWB systems for breath-rate detection were built, applying higher operating frequencies. Systems with compliance to the FCC masks are, for example, shown by [4] , which uses a self-built IPG based on a step recovery diode (SRD), making use of the lower part (3.1-6 GHz) of the UWB regulation. In [5] , a commercial IPG unit is used, emitting in the middle (4-7.5 GHz) of the FCC UWB spectrum, and [6] , which uses a commercial IPG unit as well, addressing a frequency range from 3.1 to 8 GHz within the UWB allocation. Besides impulse generation, recently shown IR-UWB breath-rate sensors differ by their concept transforming the impulse from analog RF domain into data for post-processing. Mainly two impulse processing concepts for acquisition of the RF impulse can be found in the literature. One applies a direct sampling of the impulse in the RF domain, either by real-time sampling [5] , [7] or under sampling [6] , [8] - [10] , both using powerful real-time or equivalent-time sampling oscilloscopes. The other concept applies a cross-correlation detection to convert the impulse to a low-frequency equivalent [4] , [11] , where it can be digitized at much lower sampling rates.
In this paper, an implementation in compliance with the FCCallocated UWB mask is presented, making efficient use of the complete mask. A cross-correlation concept is applied, using custom-designed UWB integrated circuits (ICs) in the transmitter and receiver branch, mounted together with commercial components on a compact antenna substrate. A demonstrator is proposed and its operation and sensing precision verified by measurements. Breath-rate measurements on two male humans and an infant are shown.
II. PRINCIPLE OF OPERATION
The method used in this approach is the principle of sweeping impulse correlation, similar to a concept in [12] . The system implementation can be seen in the block diagram of Fig. 1 . By this method, an impulse train, consisting of short time-domain UWB impulses, is continuously radiated by the IPG of the transmitter at repetition rate . The transmitted impulse train approaches the object placed in front of the radiation arrangement and is reflected back to the receiver. Due to the applied bistatic radar concept, an impulse of the direct coupling between the antennas will also approach the receiver; it will arrive earlier than the reflected impulses because of the shorter distance between the antennas. In the receiver, the arriving impulse signals are first amplified by a low-noise amplifier (LNA) and further processed by a hardware correlation operation using a template impulse generator (Temp), a broadband four-quadrant multiplier (Mult), and two integrating filter stages (low-pass (LP) filter and baseband (BB) circuit). The idea behind using the sweeping correlation concept is to apply a small frequency difference to the template impulse train in the correlation receiver, resulting in a repetition frequency of the template impulse train. With this, the template impulse is continuously sweeping with respect to the received impulse train. This behavior can be seen in Fig. 2 , where the upper part represents the received impulse train with static direct coupling and reflection at the object, and the lower part represents the template impulse sequence.
While the template impulse train is sweeping, the correlation (i.e., multiplication and integration) of the complete channel is continuously and repetitively generated in the correlation receiver. The correlation of the received signal can be seen in the upper part of Fig. 3 . The advantage of using the hardware correlation principle is that the impulses do not have to be sampled at a sampling rate in the picosecond range, but at a more adequate sampling rate, depending on the frequency difference (here: microseconds).
The lower part of Fig. 3 shows a sinusoidal signal of the frequency difference (see Fig. 1 ), which has the same cycle period as the correlation signal and is used to separate the correlation sequences. This is done by cutting the sequence at every zero crossing of the -signal. By the separation of the correlation sequence, a fixed time instance is generated, which allows to determine the time distance of the object from the antennas. With , the absolute position of the object can be calculated by (1) with being the repetition frequency of the transmit impulses, being the repetition rate difference between transmitter and receiver repetition rates, and being the speed of light. The 1/2 is due to the impulse traveling the distance between the object and antennas twice. In case the object is moving, the reflected impulse and the corresponding correlation impulse will change its time-domain location with respect to the zero crossing of the -signal and the movement can be computed. The chosen parameters and have an impact on the system performance. For the built demonstrator, a repetition frequency MHz and Hz is applied. The correlator output signal and the -signal are continuously sampled by a data logger with a sampling time s. For these parameters, the system performance can be calculated. The maximum distance of sensing , where a reflected impulse does not overlap with the impulse in front, can be calculated by (2) Using
MHz, we obtain m, which is suitable for the intended application scenarios. The highest observation frequency of the moving object in the presented setup can be calculated by (3) With the chosen values, a maximum sinusoidal movement of an object of Hz can be resolved, which is well suited to the slowly moving breath rate. The correlation signal is sampled at quantized time steps by the data logger. Therefore, the point-to-point time resolution is quantized by the difference between two sampling instances. For the system, a point-to-point resolution can be calculated using (1) and replacing by the sampling rate of the data logger , which leads to a minimum point-to-point resolution mm when applying the above values. Mathematical methods to improve the resolution are shown in a later section. Using this system principle and the chosen parameters, a hardware demonstrator is built.
III. HARDWARE IMPLEMENTATION
In this section, the applied circuits are presented for use in the IR-UWB radar system. The designed ICs are fabricated in an Si/SiGe heterojunction bipolar transistor (HBT) technology with a relaxed 0.8-m minimum drawn feature size by Telefunken Semiconductors [13] . The monolithic microwave integrated circuits (MMICs) are directly connected to the feeding line of Vivaldi-type transmit antennas to avoid connector-induced reflections at discontinuities on the line. The MMICs and the antenna design were available from collaboration projects. The Vivaldi antennas consist of an exponentially tapered slot line and a transition to a microstrip line by a Marchand balun, as presented in [14] , and are chosen for their broadband behavior. The maximal gain of the antenna is 9.3 dBi, the gain at 3.1 GHz is 3 dBi. More details on the antenna can be found in [11] and [15] . The circuit boards, including the antennas and the used circuits, are fabricated on a 0.51-mm-thick RO 4003 substrate.
A. Impulse Transmitter for the FCC Indoor Mask
The IPG circuit has an important role with regard to the compliance with the allocated UWB masks. In the literature, a variety of impulse shapes have been proposed for use with the FCC masks. In this work, an impulse close to a fifth derivative of a Gaussian bell shape with a standard deviation of ps is targeted, as introduced by [16] . This theoretical impulse shape fills the FCC indoor mask nicely and at the same time has a very short time-domain extension of 180-ps measured full-width at half maximum (FWHM).
A block diagram of the circuit that generates such a waveform can be seen in Fig. 4 . The applied IPG was available from [17] and [18] . It consists of three main subcircuits. The first subcircuit is a two-stage limiting amplifier. It is fed by the slope of an input control signal and is used to convert the input signal from a potentially long rise-time signal into a rectangular signal with a short rise time. The circuit can be operated as well by a sinusoidal. The rising slope of the rectangular signal is differentiated by the spike generation subcircuit, which forms a short-width Gaussian-like output spike. The corresponding negative spike, coming from the falling slope of the rectangular signal, is suppressed. In the third subcircuit, the impulse forming takes place. The Gaussian-like spike activates a transistor, where a current spike is excited to an under damped LC resonator. At the output, a transient voltage impulse is formed at the system impedance , which is very similar to a fifth Gaussian derivative with ps. The measured on-chip output impulse in the time domain can be seen in Packaging of the MMIC is done by chip-on-board mounting on the antenna substrate, as can be seen in Fig. 7 . The bond wires have a negligible influence on the impulse shape. A radiation of the impulse via two antennas shows a changed impulse form at the output of a receive antenna, when viewed on an oscilloscope. This radiated impulse can be fitted to a seventh Gaussian derivative with ps. The change in impulse shape is due to the bandpass characteristic of the antennas, suppressing the impulse shape at the edges of the spectrum, and therefore broadening the impulse shape in the time domain. Measurements of this behavior can be seen in [15] . However, the changed impulse shape has only a minor influence on the correlation operation because the impulse shapes of fifth and seventh Gaussian deriva- 
B. Hardware Correlation Receiver
A hardware correlation receiver is built for use of the crosscorrelation operation with two impulses. The complete receiver combines an FCC-compliant correlator IC with a BB circuit and is mounted on the foot point of the receiving Vivaldi antenna. A block diagram of the complete correlation receiver can be seen in Fig. 8 .
The correlator MMIC was available from [19] . It consists of an LNA, a template IPG, a multiplier, and a first integrating LP filter. The template IPG is the same as the FCC-compliant fifth Gaussian derivative IPG, shown in Section III-A. The UWB LNA consists of a three-stage design, using interstage and stage-to-stage feedback for gain flatness and broadband noise matching at the same time. It features a 23-dB flat gain response and a state-of-the-art noise figure of 2.8 dB in the middle of the 3.1-10.6-GHz band. A detailed evaluation of the separately characterized LNA can be found in [20] . For the multiplication operation, a four-quadrant fully balanced Gilbert-cell multiplier is applied and converters (baluns) are placed at the input for a conversion of the single-ended LNA and template IPG signals to the differential inputs of the Gilbert-cell multiplier. The multiplier's differential output is filtered by a first integrating on-chip low-pass filter with a cutoff frequency of around 900 MHz. A detailed evaluation of the correlator IC can be found in [19] .
At the output of the correlator IC, a BB circuit is externally connected, which provides a conversion from differential to single ended, amplifies the output signals, and applies further integration by a strong LP filtering. The applied circuit topology, which provides all three operations, can be seen in Fig. 9 . It is based on a differential amplifier using NE5332 operational amplifiers, enhanced by single-pole LP filters in both branches. Due to its high input impedance, the BB circuit can operate dc coupled to the correlator IC and therefore does not detune the IC's internal biasing. A second gain stage is cascaded. The voltage gain of each stage is set by and the LP-filter's 3-dB corner frequency is adjusted to kHz. The correlation receiver IC and the BB circuit contains all building blocks necessary for a correlation receiver. For the correlation receiver, a packaging is done as well, integrating the IC and BB circuit in a compact arrangement on the receiving antenna substrate. A photograph of the correlation receiver antenna can be seen in Fig. 11 . To show the correlation operation, a measurement is performed using a subversion of the receiver with connector at the antenna input. At this input, an IPG is connected to the correlation receiver, attenuated by 30 dB. A varying time delay between the impulses is performed by a changing phase shift between the two triggering signal sources, which is similar to the sweeping correlation operation applied in the demonstrator. The corresponding voltage output signal is monitored, which results in the computed correlation of the antenna signal with the template impulse. The measured normalized correlation can be seen in Fig. 10 , where it is compared to an ideal correlation of fifth Gaussian derivatives. The curve shows a clear correlation maximum and can therefore be used for the intended sensor. The deviation from the ideal impulse shape is due to the varying group delay in the multiplier and reflections at interface boundaries of the externally connected IPG.
C. Control and Sampling Circuitry
As indicated in the block diagram in Fig. 1 , the IPGs in the transmitter and receiver are fed by sinusoidal signals coming from three signal sources. To obtain stable frequency differences, all sources need to be synchronized among each other. A direct digital synthesizer (DDS) signal source AD9959 [21] is used for this purpose, which is available as an evaluation board version [22] . The board has four channels (three are used) that can be controlled individually in frequency and phase, and share a common synchronization reference. Two channels supply the transmit and receive boards with frequencies of and , respectively, the third is used for the signal as a synchronization signal to the data logger. The output frequency of the AD9959 ranges from 0 to 210 MHz with a minimum step size of 0.116 Hz, the minimum adjustable phase step is 0.019 . The nondecimal fractions of the values are due to the binary operation of the device. A major concern is the sinusoidal purity of the controlling frequencies. For the DDS especially, nonharmonic spurs are identified as a major cause of amplitude jitter. The sinusoidal output contains spurs up to a spurious-free dynamic range (SFDR) of 50 dBc. When using the sinusoidal as a triger signal to the IPGs, this amplitude jitter will lead to a cycle-to-cycle jitter in the generated impulse train and will have significant impact on measurement precision. The jitter variation of a sinusoidal signal due to an overlaying nonharmonic spur signal can be estimated using the change in time deviation of the sinusoidal zero crossing and for small values of as (4) where is the frequency of the sinusoidal signal. Calculating this for an SFDR of 50 dBc and MHz, we obtain a jitter variation ps, which is large for a precise ranging, compared to the 180-ps (FWHM) impulse width of the fifth Gaussian derivative. Pure output sinusoidal control signals are obtained by bandpass filtering. To sufficiently suppress spurs that are very close to the wanted sinusoidal, a filter with a small passband is necessary. Therefore, helix bandpass filters are built, as described in [23] and [24] , having an insertion loss of 0.9 dB at 200-MHz center frequency and a 3-dB bandwidth of 6 MHz. The SFDR reaches a value larger than 70 dBc, which results in a jitter variation ps. The signal as the third signal of the DDS board is also purified, but due to its low frequency, this is done by software after sampling. There the signal is first smoothed with a moving average algorithm; after this, the number of zero crossings in a time interval are counted. By this, a precise frequency of the sinusoidal signal can be obtained and a phase correct pure sinusoidal is constructed, which is applied for the precise separation of the correlation repetition.
For data acquisition, a USB oscilloscope [25] in the data logger mode is used, which transfers the sampled data with s sampling time to a personal computer. For control of the DDS board frequencies and post-processing of the acquired measurement data, a custom computer program is written using LabWindows/CVI from National Instruments [26] , which is a C-based programming software with prebuilt mathematical and graphical functions.
IV. MEASUREMENTS USING THE HARDWARE CORRELATOR

A. Movement Detection Methods
After connecting the hardware, measurements of the demonstrator's operation are performed. First, an aluminium plate of 12 15 cm is placed at a distance of 33 cm in front of the antenna arrangement. A measurement of one correlation sweep with an impulse of the direct antenna coupling and one reflection at the metal plate can be seen in Fig. 12 . The object signal is clearly visible. The ringing after the two impulses is caused by the impulse response of the antennas. Three different methods of a precise location determination and movement extraction are compared in this arrangement by accurately calculating the time instance in (1) of the object from the continuously changing correlation plot. The comparison of methods is done with the metal plate placed in front of the demonstrator, which is not moving. The acquired metal plate positions are plotted in a histogram; the method with the smallest distribution error, and therefore, performing best, can be identified by the histogram distribution extension. All three tested methods are illustrated in the correlation plot of Fig. 12 .
The first method is a simple tracking of the maximum peak of the object reflection signal.
is taken in (1). A histogram of the tracking of the reflection peak is given in Fig. 13 . It can be seen that the distribution is quantized with a step of the calculated 0.56 mm, resulting from the chosen system settings. The distribution width of the histogram is approximately 1 mm (FWHM).
The second method applies a tracking of the slope of the correlation signal. Therefore, a positive and negative sampling point around the zero-crossing next to the object reflection maximum is used to span a straight line (see Fig. 12 ). The point where the straight line crosses the zero axis is taken as time instance . The constant error due to the time difference to the maximum peak is corrected by a calibration. In Fig. 14 , the distribution of the slope tracking method can be seen. It becomes clear that the distribution is continuous because the zero-crossing of the slope does not depend on the quantized sampling instances, but the distribution width remains approximately the same as with the peak tracking method.
The third method tracks the slope of the reflection signal as in method 2, but additionally tracks the slope of the static impulse from the direct coupling. For the direct coupled impulse, a straight line is also spanned and the time instance of the second zero crossing is determined (see again Fig. 12) . The difference of the two time instances is used. Fig. 15 shows the histogram of this method. It is obvious that the distribution is continuous and that the distribution width has reduced to below 0.5 mm (FWHM). This is because the third method also removes the digit error due to the sampling of the signal. The slope-to-slope tracking method performs best and is chosen for the further measurements.
B. Precise Movement Determination and Breath-Rate Sensing
Now, the aluminium plate is placed in front of the sensor for a precision movement measurement. The plate is mounted on a lever, which is moved by a rotation sledge. This results in a sinusoidal forward and backward movement of the metal plate. It is placed at a mean distance of 20 cm with a deviation of 1 mm and a rotation speed of 1.3 Hz. The movement measurement in time domain is given in Fig. 16 . The location of 19.6 cm and the deviation of 1 mm can be clearly distinguished.
The corresponding spectral-domain signal, converted from the time signal by a Fourier transform, is given in Fig. 17 . Here the spectral line with a frequency of 1.3 Hz can be determined with an amplitude of 30 dB better than the system noise floor. In further measurements, male test persons, lying on the back, are placed in front of the sensor. 1 The sensor is mounted on a tripod and the sensor's radiation is pointed at the persons' abdomen since this is the area of the largest breathing deviation. The radar cross section of a person's abdomen is different from the plane metal plate. As mentioned before, the reflection coefficient of tissue is different, but additionally the individual body shape of the person will have an influence on the reflected impulse. Therefore, the impulse, approaching the receiver may be slightly deformed. However, a slightly deformed reflected signal can be computed as well with the above-mentioned method, and it was found that the signals can be detected well. Note that the spectral location of the impulse is not changed by the tissue, so the compliance to the mask remains. Fig. 18 shows the time-domain breathing pattern of a test person breathing normally. The signals are obtained at a distance of around 25 cm. For longer distances, the reflected signal decreases slightly in amplitude due to spreading loss, but the sweeping impulse correlation allows a determination of the signals with the same precision. Fig. 19 shows the breathing of a second test person, which is artificially fast and flat. Both breathing patterns are resolved clearly, with an abdomen deviation of more than 12 mm for normal breathing and around 8 mm for flat breathing.
Next, the breathing patterns of a seven-week-old infant are determined. In the first setting, the infant is sleeping in bed on its back. The sensor is mounted on a tripod as well here, pointing at the child's abdomen. In Fig. 20 , a sequence of calm and rhythmic breathing is chosen for plotting. The abdomen deviation while breathing is larger than 1.5 mm.
In the second setting, the infant is sleeping in a typical car seat. A distance of around 20 cm is chosen between infant and sensor, as this is a distance where the sensor could be mounted on a typical handle of the car seat. The breathing plot is shown in Fig. 21 . The breathing can be resolved very well in the car seat too. The measurement shows a sequence of arrhythmic breathing, very typical of infants; this needs to be taken into account when it comes to pattern recognition in a warning system. During arrhythmic breathing, the breathing is deeper, and therefore abdomen deviations of up to 3 mm can be determined.
V. CONCLUSION
In this paper, an assessment of IR-UWB technology for a precise movement determination and breath-rate sensing has been presented. The applied sweeping correlation method has been explained in detail, which is used to avoid sampling of the RF impulse with picosecond precision. The applied FCC-compliant hardware has been presented in detail, which consists of an IPG IC, generating a fifth Gaussian derivative impulse, and a hardware correlator consisting of a monolithic correlator IC and an integrating BB circuit. The measurements qualify the circuits for use in the radar demonstrator. Using the proposed hardware, three methods of movement determination have been presented, from which the method of slope-to-slope tracking between direct coupling and object reflection is selected since it had the smallest error distribution. The presented measurements showed a movement precision in the millimeter to submillimeter range; this indicates that the method using sweeping impulse correlation is very well suited for precise position determination, movement detection, and breath-rate sensing. Breathing measurements on male humans and a seven-week-old infant have been presented. The proposed radar principle could be used for a detector and warning system, sensitive to a sleeping infant or child on the backseat of a car.
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